INTRODUCTION
Ornithine decarboxylase (ODC), an initial enzyme of polyamine synthesis, is one of the most highly regulated enzymes in eucaryotic organisms (62) . In the absence of clear knowledge of the function of the polyamines (putrescine, spermidine, and spermine), biochemists inferred that polyamines had special roles and that cells maintained polyamine concentrations within narrow limits. Here, we assemble evidence contradicting this view. In no organism is ODC feedback inhibited by an allosteric mechanism, and the sizes of polyamine pools may vary radically without having a profound effect on growth. We suggest that the apparent stability of polyamine pools in unstressed cells is due to their being largely bound to cellular polyanions. We (C) , and E. coli (D). In panels C and D, the dotted lines represent the endogenous biosynthesis of ornithine and arginine; in mammals (panel B), the ornithine used for polyamine synthesis comes largely from the diet. Abbreviations: ARG, arginine; 3-AAP, 3-acetamidopropanal; AcCoA, acetyl coenzyme A; AcSPD, actylspermidine; AcSPM, acetylspermine; FBI, feedback inhibition (of arginine on ornithine biosynthesis); MTA, methylthioadenosine; ORN, ornithine; SAM-DC, SAM decarboxylase.
spermidine. Spermidine and spermine are both prominent in mammals as end products of the pathway, and the putrescine pool is usually low (41) . Higher eucaryotes usually have a set of reactions which, with acetylation and oxidation (Fig. 1B) , convert spermine to spermidine and spermidine to putrescine (41, 42) . The acetylpolyamine pathway permits cells to adjust polyamine levels and to dispose of excess spermidine and spermine. In mammals, arginase participates in polyamine biosynthesis by making ornithine available from dietary arginine (Fig. 1B) .
In fungi, in particular the ascomycetes Saccharomyces cerevisiae, Neurospora crassa, and Aspergillus nidulans, spermidine is the major polyamine ( Fig. 1C ; Table 1 ) (84) . Putrescine and spermine are usually present at 1/10 or less the level of the spermidine pool. Moreover, some fungi, such as N. crassa, have almost no detectable spermine/spermidine acetyltransferase or oxidase activities, which simplifies analysis of polyamine metabolism (17, 18) . Although the omithine required for polyamine synthesis is made de novo, arginase permits cells to use arginine as an alternate source of ornithine when arginine feedback inhibits ornithine biosynthesis (13, 16) (Fig. 1C) .
ODC is a dimer of 52-to 55-kDa subunits and is quite well conserved in sequence among eucaryotes from fungi to humans (11, 94) . Putrescine is an obligatory activator of SAM decarboxylase in mammals and fungi. Therefore, ODC is a dominant controlling factor of the entire pathway (41) . However, both decarboxylase activities are potential or actual rate-controlling steps of the pathway although the relative impact of changes of the two enzymes upon pathway flux varies greatly with the organism, cell type, or circum- (85) . First, in Escherichia coli, two pathways lead to putrescine formation (54) . One is the ODC reaction; the other begins with decarboxylation of arginine by a periplasmic (8) enzyme, arginine decarboxylase. The product, agmatine, is taken into the cell and converted to putrescine by agamatine ureohydrolase, with the elimination of urea. The net effect is to offer, as arginase does in higher forms, an alternative route of putrescine synthesis when abundant arginine feedback inhibits de novo ornithine biosynthesis (53) .
The bacterial system differs in a second way: Mg2", rather than putrescine, is the activator of SAM decarboxylase, thereby uncoupling the synthesis of putrescine and decarboxylated SAM (85 (47, 83, 86, 93) . The effects of polyamine starvation, however, do not yield satisfying information about the cellular roles of polyamines. Upon severe polyamine deprivation, protein and nucleic acid elongation rates diminish, the fidelity of translation is impaired (47) , and chromosomes may disintegrate in later stages of starvation (73) . Precise molecular mechanisms underlying these effects have not been defined.
Spermidine and spermine, bearing three and four net positive charges, respectively, are the most cationic small molecules of the cell. They therefore bind polyanionic macromolecules such as DNA, RNA, and phospholipids (37) . The polyamines are different from other multivalent cations such as Mg2" in having a distributed charge, whose spacing may allow them to interact more flexibly with the phosphates of DNA and RNA (47) . In vitro, spermidine and spermine have profound and beneficial effects upon macromolecular transactions in DNA replication (see, e.g., reference 45), transcription, and translation. In many cases polyamines simply stabilize interactions between macromolecules rather than occupy specific binding sites. One of the few specific roles that is known for a polyamine in macromolecular synthesis is in the synthesis of hypusine, a posttranslationally modified lysyl residue in eucaryotic initiation factor 5A (58) . This modification arises by the oxidation of the aminobutyl group of spermidine after its transfer to a specific lysine residue (Lys-50 in the human protein [80] ). Gene disruption studies with S. cerevisiae show eucaryotic initiation factor SA to be essential to viability (80) , and in vitro studies show the modification to be essential to function (58) .
Putrescine, although often considered simply an intermediate of spermidine and spermine synthesis, actually has a vital role in some circumstances. In restricted studies of both bacteria (55) and mammalian cell (75) , an expanded putrescine pool is required for adaptation to growth under hypoosmotic conditions.
The structural attributes of polyamines required in many reactions and in the growth of intact cells are not absolutely specific. Polyamine-dependent or polyamine-stimulated reactions continue in vitro, and cell growth progresses, although sometimes in a compromised fashion, with polyamine analogs derived from lysine, which is one carbon longer than ornithine (35, 36, 61 (78) , hormonally stimulated tissues, and mitogenically activated cells in culture displayed rapid, 10-to 100-fold augmentation of ODC activity (2), followed by a decline even before the cells initiate DNA synthesis (21) . The transient expression of ODC activity suggested a dynamic balance between synthesis and inactivation, consistent with the short half-life of the enzyme (78) . The impression that ODC had a special relationship to cell growth was reinforced by the demonstration that activation of the ODC gene was in many cases a primary response to mitogenic activation, not requiring prior protein synthesis. In this respect, ODC resembled the expression of certain families of nuclear proto-oncogenes during the Go-to-G1 transition (22, 77) . Indeed, the DNA sequences surrounding the promoter of the mammalian ODC gene may regulate its responsiveness to a variety of growth factors (2) . The onset of growth may involve as much as a 10-fold increased transcription of ODC mRNA (1, 42) and, in some cases, recruitment of preexisting ODC mRNA into polysomes (92) . The 100-fold augmentation of activity often seen in the first cell cycle after stimulation of untransformed cells by serum or growth factors, however, is not maintained in subsequent cycles (47) . ODC activity persists at about a 10-fold higher level than that seen in growth-arrested cells, and variations are not related to the cell cycle.
Normal progression through the cell cycle requires polyamines (47) . Later work with cultured cells showed that some polyamine synthesis was necessary for growth but that the regulation of ODC could be greatly disturbed by molecular manipulations without a serious effect on growth rate (31, 88) . The data force us to doubt that cellular levels of polyamines have to be closely controlled and make us wonder why mammalian ODC displays such a wide amplitude of regulation.
ODC regulation in response to polyamines. In mammals, augmentation of the synthesis of ODC follows interruption of polyamine synthesis, and rapid loss of ODC usually follows replenishment of polyamines (63) . The speed of these regulatory responses is unusual for a biosynthetic enzyme. Often activity increases within minutes, and in most organisms the half-life of ODC upon polyamine replenishment is reduced to 30 + 15 min.
In contrast to growth-related control of ODC, changes in ODC activity in vivo in response to polyamine depletion or repletion are not accompanied by changes in ODC mRNA levels (39, 48, 69, 70) . Two classes of posttranscriptional mechanism have been proposed to explain this. The first is a control of ODC mRNA translation by the polyamines. ODC mRNA has a long leader, and in some organisms its secondary structure clearly impedes translation (28, 38, 46 Turning to enzyme inactivation, the polyamine-induced loss of activity generally coincides with enzyme degradation (23, 81) . In many systems, the rate of enzyme turnover is modulated by the polyamines. Most ODCs have PEST sequences, i.e., amino acid sequences rich in proline, glutamate, aspartate, serine, and threonine, which are found in most enzymes that turn over rapidly (76) . Results with engineered ODC proteins partially confirm the importance of these sequences in turnover (27) . Enzyme degradation appears to take place by a nonlysosomal, nonubiquitin, ATPrequiring process (4). Furthermore, a putrescine-induced, ODC-binding "antizyme" that blocks activity has been described (56) The overall phenomenology of ODC regulation in N. crassa (3, 94) , like the enzyme itself (23, 94) , is similar to that in mammals. In N. crassa, the ODC mRNA level, the ODC activity, and the concentration of polyamines rise within a few hours of germination of asexual spores to levels characteristic of the rapid mycelial growth in minimal medium (95 (94) . In contrast to the situation in mammals (and in the fungus S. cerevisiae [25] ), spermidine starvation in N. crassa leads to an increase in the amount of ODC mRNA. The changes can, in most circumstances, account for the increase of ODC synthetic rates (94) . Polyamines exert no negative posttranscriptional control on ODC synthesis.
The anomalies mentioned above, namely the responsiveness of the regulatory system to small changes of polyamine content, the indifference of the growth rate to large changes in polyamine content, and the lack of feedback inhibition of ODC by polyamines, all prevail in N. crassa (15, 23 (85) . These activities are involved in pH control and are not relevant to the discussion below. In minimal medium, biosynthetic ODC and ADC both contribute to putrescine formation (Fig. 1D ). When arginine is added, feedback inhibition of ornithine synthesis deprives ODC of a substrate and putrescine forms through the activity of ADC and agmatine ureohydrolase (40, 53) . Unlike eucaryotic organisms, the E. coli strains studied normally contain 5 to 10 times as much putrescine as spermidine (40, 53) (Table 1) .
Neither ODC (40) nor ADC (54) is inhibited by physiological concentrations of polyamines. The Ki values for putrescine and spermidine are in the millimolar range (54) . Moreover, the periplasmic location of ADC (8) (50, 87) . Other studies show a fourfold derepression of ODC following addition of arginine to an ADC-less mutant (40, 52 (57, 64, 65) . Even earlier work (74) demonstrated that cells treated with ot-difluoromethylornithine could grow well with as little as 15% of the normal spermidine pool and that two analogs (having extensions of one and two methylene groups in the aminobutyl moiety of spermidine) would reverse the growth inhibitory effects substantially. The particulars of these experiments are less important than the observation that radical differences in polyamine structure, intracellular concentration, and ratios are compatible with viability.
Normal growth requires a minimum amount of polyamines, as these studies also imply. This point was rigorously proven with mutants lacking ODC. Although growth of ODC-less cells was indeed wholly dependent on the addition of polyamines (72, 83) , about 6 days of growth was required to deplete polyamine pools to the point that growth ceased.
These findings directly contradict the casual assumption that the sophisticated control of ODC reflects the need to control polyamine pools within critical limits.
An alternative reason for responsive control of the amount of ODC protein is that excess polyamines might be toxic. Indeed, the addition of spermine to many cell types causes inhibition of growth. Brunton et al. (6) showed that if 2 mM spermine is added to hamster kidney fibroblast cells, it inhibits growth, even if care is taken to prevent extracellular formation, by serum oxidases, of toxic oxidation products, especially acrolein. Spermidine is not particularly inhibitory under the same conditions. In a later study, investigators in the same laboratory obtained evidence suggesting that much of the toxic effect of spermine was due to its intracellular metabolism via copper-containing amine oxidases (7) . Therefore one must be careful in interpreting inhibition of growth by polyamines (7, 51) . Small amounts of toxic derivatives might escape detection, and intracellular levels of free, as opposed to bound, polyamines have not been rigorously monitored under these (or, in fact, any) conditions. Therefore, we are not certain in any case whether spermine itself is toxic. The issue is rendered moot by the finding that toxic derivatives may form fairly readily from high concentrations of spermine in mammalian cells or serum.
As noted above, ODC is not inhibited to any great extent by the polyamines. If toxicity lies in accumulation of spermidine and spermine, however, rather than putrescine, one Because N. crassa embodies the paradoxes of control and response to polyamines noted in mammals, it is a suitable, simple organism for resolving them. It is particularly useful because spermidine represents over 90% of the polyamine pool and because little turnover of polyamines takes place during growth. Relating enzyme-regulatory phenomena to the actual polyamine status of the organism may clarify the physiological role of the control mechanisms.
Effects of variation of polyamine pools. In N. crassa, the normal spermidine content is about 18 nmol/mg (dry weight); the putrescine and spermine contents are 0.8 and 0.4 nmol/ mg, respectively ( Table 1) . None of the polyamines are significantly turned over or derivatized except as intermediates of the biosynthetic pathway (18, 60) .
Mutants of N. crassa blocked in the enzymes arginase (aga), ODC (spe-1), and SAM decarboxylase (spe-2) reveal the effects of manipulation of polyamine pools on growth (16, 24, 71) . Arginase is the normal route of omithine formation when arginine is added to the medium, because the added arginine feedback inhibits omithine synthesis (Fig.  1C) . Therefore, in the aga mutant, addition of arginine causes omithine and polyamine starvation. Growth of the aga mutant is normal for two doublings after arginine addition, during which ODC derepresses 70-to 100-fold (15) . Thereafter, growth diminishes to half the normal rate and continues indefinitely (16) . The growth rate becomes lower only when the cellular spermidine level decreases to 20% of normal. After a number of generations, the cells contain no putrescine or spermidine. In their place, small amounts of two analogs are found: cadaverine (1,5-diaminopentane) and aminopropylcadaverine, the former being made by the weak lysine decarboxylase activity of the highly derepressed ODC (61) .
The ODC-less spe-I mutant has an absolute requirement for spermidine, but can actually grow at a low rate as long as the level of spermidine carried over from the inoculum remains above 2 nmol/mg (dry weight) (ca. 12% of normal) (71) . The SAM decarboxylase-deficient spe-2 mutant also has an absolute spermidine requirement, but unlike the spe-I mutant, it accumulates high levels of putrescine (71) . The spe-2 mutant grows extensively after inoculation, until its spermidine pool declines to 0.3 nmol/mg (dry weight) (2% of normal), at which point growth stops (71) .
These observations lead to several conclusions. First, spermidine is an essential metabolite. However, the organism grows well even after extreme reduction of the spermidine content. Second, structurally altered polyamines support indefinite growth. Third, in the spe-2 mutant, excess putrescine fulfills some of the functions of spermidine, or renders the small residual spermidine pool more useful, perhaps by promoting spermidine exchange among higheraffinity binding sites.
We must ask for N. crassa, as we did for mammalian cells, whether elaborate ODC regulation has evolved, not to adjust pools continuously, but instead to prevent synthesis of toxic levels of intracellular polyamine.
Addition of 5 mM putrescine or spermidine to the growth medium of N. crassa slightly inhibited the onset of mycelial growth, but growth rates thereafter were normal (19, 20) . Analysis of intracellular polyamines indicates that the putrescine pool rises from 0.8 to about 12 nmol/mg (dry weight) when putrescine is added and that the spermidine pool rises from 18 to about 33 nmol/mg when spermidine is added (16, 18, 20) . If the polyamines were distributed evenly in cell water (2.5 ml/g [dry weight] [82] ), which, as we shall explain, they are not, the higher concentrations would be 4.8 mM putrescine and 13.2 mM spermidine.
A more extreme flooding of the polyamine pools can be brought about in the puu-l (putrescine uptake) mutant of N. crassa, which strongly concentrates polyamines within the cell (19, 20) . After addition of 5 mM putrescine to the mutant, the intracellular pool of putrescine rises from 0.8 to over 200 nmol/mg (dry weight) (nominally 80 mM). Addition of 5 mM spermidine leads to an intracellular pool of 70 nmol/mg (ca. 28 mM). At these extremes, the puu-1 strain is inhibited at the onset of growth, but once growth begins, cells with 200 nmol of intracellular putrescine per mg grow at about half the normal rate.
It is difficult to test the effects of excess polyamines in N. crassa because the organism sequesters much (but not all) of its excess polyamine within vacuoles (19) . At higher levels, moreover, N. crassa excretes polyamines into the surrounding medium. However, the vacuolar uptake and the excretion themselves indicate that cells have at least moderately elevated polyamine pools and survive well. Therefore, although our lack of precise knowledge of the maximal polyamine pool size limits our conclusions regarding the toxicity of polyamines, it is clear that some excess can be tolerated.
Our An entirely different experiment confirms this conclusion. In wild-type N. crassa growing in the normal medium, the active transport of polyamines is inhibited and polyamines simply equilibrate slowly across the cell membrane (18, 20) . We could therefore test for binding of polyamines within cells of the spe-1 mutant, which must obtain all its polyamines from the medium (18) . In exponential spe-1 (or wild-type) cultures, supplemented with various amounts of putrescine, external and internal putrescine concentrations were similar (Fig. 2) . (The intracellular putrescine concentration is actually lower at most points in the spe-1 mutant because of its continuous use in spermidine synthesis.) Variation of the amount of spermidine yielded a different result (Fig. 2) . Changes in internal spermidine concentrations were similar to changes in external concentrations, but the internal level was 18 nmol/mg higher at all external concentrations, even the lowest (0.5 mM). Thus, even when the active transport system was not working, spermidine appeared to be taken up quite efficiently at low external concentrations. We interpret the concentrative transport at low external spermidine concentrations to be a titration of fixed anionic groups within the cell. At higher concentrations, a free pool of spermidine, able to equilibrate with external spermidine, appears. In fact, permeabilized cells of N. crassa retain virtually all of their intracellular polyamines (18) .
The most significant finding in this experiment (18) was that the amount of spermidine needed in vivo to titrate anionic constituents of the spe-I mutant was equal to the normal spermidine pool of wild-type cells, namely 18 nmol/mg (dry weight) (Fig. 2) . This implies that the size of the wild-type polyamine pool is determined not by specific requirements for cell growth, but simply by the coulombic interaction between the cationic polyamines (spermidine and spermine) and cellular polyanions. Presumably most of the binding is adventitious; polyamines are therefore bound at many sites at which they are dispensable (9), with a variety of affinity constants. The existence of small, unbound pools of polyamines must depend on an appropriate balance between growth, as it adds more polyanions to the intracellular environment, and the synthesis of polyamines to titrate them.
In sum, only a small fraction of the cellular spermidine and putrescine is unbound, and thus metabolically active, in the cell. This correlates well with earlier observations. In both mammalian cells and N. crassa, regulatory effects of polyamine starvation and addition occur long before the cellular polyamine content changes significantly. This is expected, because changes in synthetic rate, or additions to the medium, cause immediate and proportionately large changes in the free polyamine pools, which behave as the metabolic signals. Both the lack of facile equilibration of isotopically labeled metabolites and the rapid response of ODC to small perturbations of polyamine metabolism indicate an important feature of the bound pools: most of them are not readily exchangeable, and thus they cannot easily buffer major changes in the size of the unbound pools by rapid dissociation.
E. coli Effects of variation of polyamine pools. A large amount of work has been done on polyamine metabolism in E. coli (for a review, see reference 85). A distinctive finding in this organism is that multiple mutants lacking arginine, ornithine, SAM, and lysine decarboxylases can grow, albeit very slowly, with no putrescine, spermidine, cadaverine, or aminopropylcadaverine (30, 86) . This explains a common difficulty of most investigators (see reference 30 and references therein) in selecting mutants for ODC and arginine decarboxylase. Only the most severe mutants have a clear phenotype, because even a small amount of putrescine is efficiently converted to spermidine (52) . The fact that polyamines cannot be found in multiple mutant strains still able to grow slowly (86) does not prove conclusively that polyamines are entirely dispensable; the lower limits of detection may have been too high for them to be detected. E. coli extends the pattern of behavior of eucaryotic cells: although polyamines (spermidine in E. coli) are needed for optimal growth, the growth rate is not severely affected by a mild depletion of the pool.
Excess polyamines have clear, deleterious effects upon ribosome structure and function in bacteria (29, 43, 91) , and similar effects may underlie some of the toxicity of spermine seen in eucaryotes (51) . A study of E. coli strains bearing multicopy plasmids carrying the biosynthetic ODC or SAM decarboxylase genes showed only mild elevations (less than twofold) in putrescine and spermidine levels, respectively (40) . The control of intracellular polyamine levels reflects excreted.) The authors conclude that because. ribosomes bind virtually all of the intracellular spermidine, the feedback sensitivity of SAM decarboxylase is relevant only in conditions in which "excess amounts of spermidine" are produced. The term "excess" appears to mean a pathological excess, not the slight excursions normally corrected by the feedback inhibition seen in other biosynthetic pathways of bacteria. If this is truly the case, the feedback sensitivity of E. coli SAM decarboxylase has the same metabolic role as it does in mammals (79), as suggested above.
Polyamine sequestration. In the work referred to above (40) , Kashiwagi and Igarashi rely on previous work from their laboratory (41) on polyamine transport in E. coli. Their study showed that whole cells appeared to transport putrescine and spermidine unidirectionally and that little of the previously transported 14C-polyamine could be driven out of the cells by addition of unlabeled polyamine. However, membrane vesicles prepared from the same cells did not retain 14C-polyamine under these conditions; it readily exited the cells when unlabeled polyamine was added. The authors conclude that intracellular binding to macromolecules (37) accounts for the apparently unidirectional transport of polyamines in living cells of E. coli. The data are entirely consistent with the apparent intracellular binding of spermidine in N. crassa (18) described above and with studies of exchange transport in this organism (17) . Other studies of polyamine binding to ribosomes or to nucleic acids in E. coli are consistent with these findings (12, 26 Students of metabolism might argue with the implications of this thesis: there are examples of sequestered metabolic intermediates that are made by feedback-inhibitable enzyme pathways. For instance, in S. cerevisiae and in N. crassa, although 99% of the large arginine pool is in vacuoles and 1% is in the cytosol, arginine is nevertheless the effector of feedback inhibition of early steps of ornithine synthesis (13) . The difference between arginine synthesis and polyamine synthesis is that in the former, end product sequestration in vacuoles is itself controlled adaptively by the cytosolic arginine concentration (13) , and this mechanism collaborates with feedback inhibition and repression in regulating arginine biosynthesis. Polyamine sequestration, however, is a passive, chemical phenomenon that cannot be wholly overridden by biological mechanisms.
Feedback inhibition and episodic polyamine synthesis. Another argument can be made against the fitness of feedback inhibition of polyamine synthesis. At different times in the life of a cell or organism-times at which a large inventory of polyamines might have to be made in advance of need-the biologically appropriate rates of polyamine synthesis and the level of polyamine accumulation might be quite high. For example, stimuli that cause quiescent cells to grow might lead to substantial derepression of the ODC gene and thus to polyamine synthesis and might override opposing mechanisms, such as polyamine-mediated repression. Indeed, this may be why ODC derepression is a primary response to growth stimuli at the onset of growth of mammalian cells. Enzymes (ODC or SAM decarboxylase) calibrated to maintain a constant polyamine pool size would be clearly maladaptive.
A case in which a large expansion of the putrescine pool is essential for survival is known (75) . Substantial amounts of putrescine are required for L1210 mouse leukemia cells to grow well under hypoosmotic conditions. This is consistent with the older observations that ODC was induced by hypoosmotic shock (68) . Whether The cells grew at a normal rate despite a 90-fold greater ODC activity than that of normal cells and putrescine, spermidine, and spermine pools that were 215-fold, 30-fold, and 14-fold greater, respectively, than in the parental strain. Although the variant cell line did not differentiate normally in response to cAMP (with or without a polyamine inhibitor), it did so upon removal of serum. Although the authors note that the polyamine pools of the variant strain may be compartmentalized, the data are consistent with the view that greatly elevated levels of intracellular spermidine and spermine and not of themselves toxic to this cell line.
